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APPLIED  TECHNOLOGY  LABORATORY  POSITION  STATEMENT 


This  report  provides  the  details  of  a program  initiated  to  design,  manu- 
facture, and  test  an  advanced  technology  coupling  for  future  U.  S.  Army 
helicopter  application. 

Current  drive  system  environments  are  already  taxing  the  limitations  of 
existing  couplings.  The  continuing  evolution  of  small,  high-speed  heli- 
copter engines  and  the  increasing  interest  in  rotor  isolation  systems  will 
require  that  future  couplings  be  capable  of  operating  at  speeds  around 
20,000  rpm,  transmitting  1500  HP  at  angular  misalignments  of  up  to  3° 
steady  state  and  5°  transient. 


The  results  of  this  effort  have  been  the  documentation  of  current  coupling 
operating  limitations,  an  estimate  of  future  requirements,  and  the  testing 
of  three  coupling  concepts.  Two  modifications  to  one  of  the  coupling  con- 
cepts were  also  tested  (one  stainless  steel  version  and  one  composite  ver- 
sion) in  an  attempt  to  meet  the  projected  requirements.  None  of  the  five 
couplings  tested  were  able  to  meet  the  projected  requirements;  however, 
the  program  did  demonstrate  that  a composite  coupling  could  be  developed 
to  operate  at  4727  in. -lb  torque  at  15,000  rpm  and  1.5°  angular  misalign- 
ment. 


Mr.  Michael  Dobrolet,  Propulsion  Technical  Area,  Aeronautical  Technology 
Division,  served  as  Project  Engineer  for  this  project. 
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PREFACE 
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INTRODUCTION 


The  shaft  coupling  is  an  indispensable  element  in  the  drive 
system  of  every  helicopter,  and  its  performance  limitations 
must  be  considered  a prime  constraint  in  the  design  of  drive 
shaft  systems.  The  primary  functions  of  the  coupling  are  to 
connect  shafting  between  the  components  of  a drive  system 
and  to  transmit  power  while  accommodating  angular  misalign- 
ments resulting  from  relative  motion  or  location  of  the 
coupled  components.  Errors  in  relative  location  are  created 
by  accumulated  manufacturing  tolerances,  while  errors  in 
relative  motion  are  created  by  differential  thermal  expan- 
sions, deflection  of  the  drive  system  components,  and  deflec- 
tion of  the  airframe  structure  to  which  the  drive  shafts  are 
mounted. 

Power  transmitted  through  a coupling  is  the  product  of 
torque  and  speed.  The  primary  functional  parameters  of  the 
coupling  thus  become  torque,  speed,  and  misalignment.  These 
basic  functional  requirements  are  further  compounded  by  the 
effects  of  mass  imbalance,  shaft  whip,  critical  speeds,  and 
a wide  range  of  environmental  conditions.  In  addition,  some 
aircraft  couplings  have  moving  parts  that  require  lubrication 
and  maintenance.  Wear,  loss  of  lubricant,  and  seal  failure 
combine  to  limit  coupling  life  and  impose  environmental 
constraints  on  this  type  coupling.  In  spite  of  these  draw- 
backs, many  successful  applications  of  couplings  with  moving 
contact  have  found  wide  acceptance  by  the  industry,  i.e., 
gear  couplings. 

Couplings  which  accommodate  misalignment  through  a flexure 
element  eliminate  the  need  for  lubrication  and  seals,  are 
simple  and  lightweight,  but  are  restricted  in  angular 
misalignment  capacity.  Misalignment  induces  component 
flexure  which  produces  alternating  stresses  that  can  limit 
coupling  life.  The  coupling  designer’s  problem  in  this  case 
is  to  proportion  the  strength  and  stiffness  required  to 
transmit  the  torque  or  steady  loads  with  the  misalignment 
which  imposes  alternating  loads,  such  that  the  resulting 
coupling  satisfies  both  strength  and  misalignment  require- 
ments . 

Component  demands  for  light  weight,  maintenance-  and  service- 
free  operation,  fail-safe  operation  and  long  life,  combine 
to  form  a rigorous  set  of  requirements. 
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Increased  engineering  development  effort  can  improve  coupling 
operational  capability  to  meet  the  demands  of  current  as  well 
as  future  helicopter  drive  systems  in  several  areas.  First, 
increased  angular  misalignment  capacity  can  accommodate 
projected  requirements  for  envisioned  vibration/acoustical 
isolation  systems.  Second,  use  of  composite  materials  can 
reduce  weight  and  increase  coupling  performance  capability. 
Third,  simplification  and  reduction  in  the  number  of  compon- 
ents of  the  coupling  assembly  can  increase  compatibility  with 
balance  considerations,  increase  reliability,  and  increase 
MTBR. 

In  the  program  reported  herein,  the  prime  objective  was  to 
design,  fabricate,  and  test  an  advanced  technology  coupling. 
This  coupling  was  to  embody  misalignment,  torque,  and  speed 
capabilities  to  meet  projected  operational  requirements  of 
future  Army  helicopters.  Under  this  program  effort,  current 
helicopter  drive  system  coupling  applications  were  surveyed. 
The  data  acquired  was  used  to  establish  a baseline  require- 
ment profile  to  be  subsequently  trended  for  future-generation 
helicopters.  A set  of  realistic  design  criteria  was  then 
selected  for  the  development  of  two  advanced  technology 
couplings . 

A search  was  conducted  to  examine  previous  coupling  designs 
and  a study  made  of  new  and  novel  concepts.  From  this 
effort  seven  concepts  emerged,  of  which  two  designs  were 
chosen  for  detail  design,  fabrication,  and  testing.  The  two 
concepts  chosen  were  similar  in  that  each  comprised  a flexure 
element  to  accommodate  angular  misalignment.  These  flexure 
element  designs  eliminated  the  need  for  lubrication,  servic- 
ing, and  sealing  elements  required  by  designs  which  allow 
relative  motion  between  parts . 

Two  designs  were  chosen  for  fabrication  and  test:  the 
stainless  steel  tension  strap  coupling  and  the  composite 
helical  strap  coupling.  Both  these  original  coupling  designs 
failed  to  meet  the  initial  test  condition  and  were  subject  to 
redesign.  The  composite  version  of  the  redesigned  coupling 
successfully  completed  the  assessment  test  of  9 x lCr 
cycles  operating  at  4700  inch-pounds  torque  at  15,400  rpm  and 
1.5  degrees  angular  misalignment.  The  use  of  a composite 
flexure  element  reduced  coupling  weight  by  20%  and  eliminated 
fretting  which  had  precipitated  the  failure  in  the  steel 
strap  designs.  This  coupling,  which  weighed  less  than  1 
pound,  demonstrated  that  development  effort  can  improve 
coupling  performance  capability  while  at  the  same  time  reduce 
weight  and  improve  reliability. 
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SURVEY 


A 


SURVEY  SCOPE  AND  AIM 

Sikorsky  Aircraft  has  investigated  past  as  well  as  current 
coupling  designs  to  build  a comprehensive  base  for  upgrading 
coupling  technology.  This  effort  consisted  of  a two-phase 
survey.  The  initial  effort  was  a documentation  of  couplings 
currently  in  use  by  the  helicopter  industry  and  the  identifi- 
cation of  operational  characteristics  with  regard  to  speed, 
torque,  misalignment,  lubrication,  inspection  and  maintenance, 
as  well  as  performance  limitations. 

The  second  phase  of  the  survey  was  more  general  in  scope 
with  the  purpose  of  developing  new  and  innovative  coupling 
concepts.  A search  of  coupling  patents  and  a survey  of 
industrial  coupling  and  power  transmission  equipment  were 
conducted  to  stimulate  the  formulations  of  advanced  coupling 
design  concepts. 

On  the  basis  of  both  aspects  of  this  survey,  a design  and 
operational  requirements  definition  was  established  for  the 
couplings  developed  in  this  program.  The  advanced  techno- 
logy coupling  was  to  be  designed,  built,  and  tested  to 
satisfy  a realistic  set  of  parameters  that  would  best  meet 
the  overall  requirements  of  the  most  demanding  range  of 
practical  operations.  One  aim  of  the  survey  was  to  determine 
the  specific  coupling  operational  need  that  would  yield  the 
greatest  advantage  by  application  of  advanced  technology. 

OPERATIONAL  CHARACTERISTICS  AND  REQUIREMENTS 


The  basic  function  of  the  transmission  coupling  is  to  trans- 
mit torque  at  a given  speed  while  maintaining  a constant 
velocity  during  the  relative  displacement  between  the  coupled 
transmission  components. 


Torque  and  speed  are  a function  of  the  power  being  trans- 
mitted and  can  be  expressed  as 


T = torque  in  in. -lbs 

hp  = horsepower 

rpm  = rotation  speed  in  revolutions  per  minute 

In  a helicopter  drive  system,  consideration  must  be  given  to 
momentary  peak  torques  that  occur  for  short  intervals  of 
time.  Limit  power  is  defined  as  the  maximum  power  exper- 
ienced in  service  and  can  sometimes  be  as  high  as  twice  the 
normal  rated  power  to  compensate  for  momentary  peak  torques. 
Ultimate  torque  is  defined  as  1.5  times  the  limit  torque. 

Operating  Speed 

In  the  design  of  any  drive  system,  two  basic  parameters  may 
be  varied  which  affect  the  choice  of  operating  speed:  the 
shaft  length  between  supports  and  the  shaft  diameter.  The 
same  power  can  be  transmitted  at  lower  torque  by  operating 
at  higher  speeds  minimizing  weight.  However,  to  assure 
drive  shaft  control  of  dynamic  stresses,  shaft  natural 
frequencies  become  a paramount  consideration.  A shaft's 
natural  frequency  is  a function  of  its  mass  distribution, 
length,  and  stiffness.  Drive  shaft  lengths  are  dictated  by 
helicopter  configuration  requirements,  handling,  or  installa- 
tion constraints.  Having  chosen  the  shaft  material,  the 
designer  has  only  the  shaft  diameters  to  vary  in  controlling 
the  shaft  natural  frequency.  Normally,  the  shaft  outside 
diameter  (OD)  is  varied  to  avoid  shaft  natural  frequencies 
within  40%  of  the  chosen  operating  speed. 

Long  drive  shaft  systems  comprising  two  or  more  shaft  segments 
employ  couplings  to  join  these  segments  together.  The 
couplings'  weight  and  stiffness  characteristics  become  part 
of  the  shaft  system  and  influence  its  critical  speed. 

Flexible  couplings  provide  an  end  condition  whose  stiffness 
can  be  modeled  between  that  of  a simple  support  and  a fixed 
end.  Thus  the  coupling's  stiffness  and  weight  contribution 
must  be  considered  in  determining  the  system  mode  shape  and 
natural  frequency. 

A coupling  that  exhibits  low  axial  and  bending  stiffness 
under  conditions  of  misalignment  can  reduce  vibratory  stresses 
which  are  induced  into  the  adjacent  shafts  and  supporting 
hardware . 

In  addition,  the  coupling  should  be  a constant  speed  device 
and  should  also  be  a precise  connection  that  does  not  intro- 
duce vibration  excitation  or  nonlinearities  into  the  system. 


Misalignment 

The  primary  function  of  the  coupling  is  to  transmit  power 
from  one  component  in  the  drive  system  to  another  while  at 
the  same  time  accommodating  misalignments. 

Helicopters  use  couplings  to  accommodate  the  inevitable  mis- 
alignments between  rotating  shafts  in  a drive  train  which 
are  caused  by  accumulated  dimensional  variations,  deflection 
of  the  supporting  structure  under  load,  and  differential 
thermal  expansion. 

These  misalignments  subject  the  coupling  to  both  steady  and 
alternating  stresses  which  must  be  considered  in  the  coupling 
design  if  the  system  is  to  operate  satisfactorily. 

The  ability  of  the  coupling  to  accommodate  any  combination 
of  these  misalignments  without  developing  large  restoring 
moments  or  forces  is  mandatory.  Such  moments  and  forces 
would  not  only  have  an  adverse  effect  on  the  coupling  itself, 
but  would  impose  these  damaging  loads  on  the  bearings  and 
shafts  of  the  adjacent  equipment. 

Angular  misalignment  is  the  most  influential  factor  deter- 
mining the  operational  life  of  any  coupling,  since  this  is 
the  source  of  an  alternating  stress  which  occurs  once  every 
shaft  revolution.  When  a given  coupling  is  subjected  to  a 
high  steady  load  compared  to  its  ultimate  capacity,  it  will 
have  little  reserve  for  coping  with  misalignments.  Converse- 
ly, if  the  same  coupling  is  lightly  loaded,  it  will  have  a 
greater  capacity  for  misalignment.  This  may  be  readily  seen 
by  considering  the  likeness  of  a Goodman  diagram  which  has 
alternating  stress  as  an  ordinate,  and  steady  stress  as  an 
abscissa.  Substitute  coupling  angular  misalignment  for 
alternating  stress  and  torque  for  the  steady  stress.  The 
coupling  capacity  is  a combination  of  both  the  torque  and 
angular  misalignment. 


Weight  and  Size 


In  the  design  of  helicopter  hardware,  every  effort  must  be 
exercised  to  reduce  weight  and  size.  The  weight  of  each 
aircraft  part  has  a direct  influence  on  aircraft  weight 
empty,  while  the  size  of  each  aircraft  part  has  an  impact  on 
the  aircraft  volume  efficiency  with  its  ensuing  adverse 
effect  on  drag.  Helicopter  couplings  must  usually  be  tailor- 
ed to  meet  specific  operational  requirements  which  preclude 
the  use  of  an  off-the-shelf  coupling.  The  designer  then,  in 
conjunction  with  the  coupling  fabricator,  must  consider  the 
use  of  lightweight  alloys  such  as  aluminum  and  titanium. 
Advances  in  composite  structures  are  also  very  attractive 
because  of  their  high  specific  strength. 
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Spring  Rates 

Helicopter  drive  shaft  couplings  can  be  imagined  as  having 
four  degrees  of  freedom:  torsion,  radial,  axial  and  bending. 
The  measure  of  these  degrees  of  freedom  is  the  coupling 
spring  rate.  In  most  applications,  it  is  desirable  that  the 
coupling  exhibit  high  torsional  and  radial  stiffness  in 
combination  with  relatively  soft  axial  and  bending  stiff- 
ness . 

High  radial  and  torsional  stiffness  is  desirable  from  an  end 
support  condition  and  its  resulting  effect  on  critical 
speed.  Low  axial  and  bending  stiffness  under  conditions  of 
misalignment  can  reduce  the  alternating  stresses  induced  in 
adjacent  shafts  and  attending  hardware. 

Critical  Speed  Effects 

In  any  rotating  shaft  system  there  exists  a series  of  dis- 
crete speeds  at  which  the  centrifugal  forces  induced  by 
shaft  unbalance  cause  progressively  greater  shaft  deflections. 
At  these  speeds,  called  critical  speeds,  the  restoring 
forces  developed  by  the  shaft  are  equal  to  the  centrifugal 
forces  developed  by  the  shaft  and  there  is  no  stable  amplitude 
of  deflection.  If  allowed  to  rotate  at  a critical  speed, 
the  deflection  amplitudes  of  the  shaft  will  build  up  until 
the  yield  point  of  the  shaft  material  is  exceeded  and  failure 
occurs . 

In  a typical  helicopter  drive  shaft  system,  the  shafts  are 
designed  to  operate  at  approximately  20%  to  40%  below  their 
first  bending  critical  speed  when  operating  at  the  highest 
speed  expected  in  service.  The  highest  expected  operating 
speed  can  often  be  120%  of  normal  operating  speed;  thus,  the 
shaft  first  bending  critical  speed  is  designed  to  be  144%  to 
168%  of  operating  speed.  Vibration  modes  below  the  first 
bending  critical  speed  are  often  induced  in  the  helicopter 
drive  shaft  system  because  of  the  typically  low  spring  rates 
of  the  supports.  Dampers  are  employed  to  control  vibration 
ampitudes  resulting  from  the  "rigid  body"  modes. 

The  shape  which  a shaft  assumes  depends  on  its  speed  and  the 
type  of  end  connection.  The  ends  may  be  simply  supported, 
an  end  condition  closely  approximated  in  practice  by  using  a 
universal  joint,  or  the  ends  may  be  fixed,  an  end  condition 
approximated  in  practice  by  rigid  flange  connections. 

Couplings  are  normally  considered  flexible  ends  whose  rigidity 
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lies  somewhere  between  that  of  the  simply  supported  and  fixed 
end  condition.  The  axial  and  bending  stiffness  of  a coupling 
influences  the  critical  speed  of  the  shaft  system  in  which  it 
operates  and  should  be  considered  in  the  critical  speed 
analysis . 

Centrifugal  Effects 

With  the  advent  of  turbine  engines,  helicopter  drive  systems 
have  had  to  accommodate  ever-increasing  operational  speeds. 
Inherent  unbalance  due  to  manufacturing  tolerances  with 
respect  to  the  mass  distribution,  as  well  as  the  location  of 
coupling  elements  relative  to  the  axis  of  rotation,  has 
brought  about  the  need  for  greater  balancing  accuracy.  The 
basic  relationship  for  centrifugal  force  is  expressed  as 


Fc  . . X r(-ag,E5)  2 (2) 

From  equation  (2)  it  is  readily  seen  that  the  centrifugal 
force  is  a function  of  the  speed  squared.  When  speeds  of 
10,000  to  30,000  rpm  are  squared,  the  resultant  force  becomes 
significant  even  when  the  product  of  the  mass  and  its  radius 
is  minimal. 

Balance  Effects 

Shaft  systems  are  balanced  to  minimize  eccentricity  between 
the  shaft  system  center  of  gravity  and  the  axis  of  rotation. 
These  eccentricities  are  formed  as  a result  of  manufacturing 
tolerances . 

In  low-speed  shaft  assemblies  it  is  possible  to  individually 
balance  the  component  parts.  Replacement  of  worn  or  defec- 
tive hardware  is  permissible  because  the  overall  balance 
accuracy  can  still  be  achieved.  However,  as  the  shaft 
speeds  increase,  the  allowable  balance  tolerance  becomes  very 
small  and  balancing  as  an  assembled  unit  is  required. 

Figure  1 shows  a curve  of  speed  versus  centrifugal  force  for 
a shaft  with  a constant  1.0  ounce/inch  unbalance.  To  deter- 
mine the  force  generated  by  the  unknown  balance,  multiply  the 
force  in  pounds  at  the  ordinate  by  the  ounce/inch  unbalance 
determined  for  the  rotating  shaft. 


Forces  created  by  unbalance  will  be  transferred  from  the 
rotating  body  to  the  bearing  supports.  With  increasing 
speeds  these  forces  become  larger  and  a finer  degree  of 
balance  is  indicated.  Unbalance  in  rotating  parts  manifests 
itself  as  a vibratory  load  on  the  support  structure  and  a 
steady  load  in  the  rotating  part.  The  effect  of  this  load 
on  the  drive  system  is  a function  of  the  combination  of  both 
the  amplitude  and  frequency  of  the  vibration  and  can  even- 
tually cause  a fatigue  failure  of  drive  system  components 
and  adjacent  structure  that  have  been  otherwise  adequately 
designed  for  normal  load  conditions . 

CURRENT  USAGE  BASELINE 
— 

During  the  survey  of  current  couplings,  it  became  apparent 
that  four  broad  categories  were  predominately  used  in  the 
helicopter  industry.  Data  for  coupling  usage,  coupling 
attributes,  maintenance,  inspection,  and  replacement  riteria 
was  derived  from  service  and  maintenance  manuals,  test 
reports,  laboratory  reports,  technical  papers,  and  articles. 
The  four  general  types  of  couplings  are: 

. Gear  coupling 

. Flexible  disk,  coupling 

. Diaphragm  coupling 

Elastomeric  coupling 

The  following  sections  briefly  discuss  each  of  the  four 
types  of  helicopter  couplings. 

Gear  Coupling 

Gear  couplings  consist  of  a hub  and  sleeve  member  and  are 
used  in  pairs  connected  by  a common  shaft  to  which  the  hub 
members  are  fastened.  The  hub  or  male  member  has  external 
teeth  which  are  normally  crowned  both  on  the  outside  diameter 
and  the  individual  tooth  flanks.  The  sleeve  member  has 
internal  teeth  and  suitable  means  to  attach  to  the  flange  of 
the  adjacent  drive  train  component.  A typical  gear  coupling 
is  shown  in  Figure  2 . 

Theoretically,  at  any  misalignment  only  two  teeth  are  in 
contact,  but  in  reality  due  to  deflection  of  the  teeth  under 
load,  more  teeth  come  into  contact  to  share  the  load.  By 
accurate  control  of  tooth  space  and  form,  backlash  is  kept 
to  a minimum. 
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The  gear  coupling  can  be  made  to  accommodate  relatively  large 
axial  displacements  under  zero  or  low  torque  conditions, 
which  is  a feature  unique  to  this  design. 

The  relative  motion,  sliding  and  rolling,  between  mating 
teeth  requires  that  prime  consideration  be  given  to  lubrica- 
tion, seals,  and  service  intervals.  Loss  of  lubricant  is  the 
major  single  cause  of  failure  of  the  gear  coupling. 

Flexible  Disk  Coupling 

The  flexible  disk  coupling  shown  in  Figure  3 is  the  most 
widely  used  coupling  in  the  helicopter  industry.  The  flex- 
ible disk  coupling  is  lightweight,  simple,  maintenance  free, 
fail  safe,  readily  inspectable,  and  is  adaptable  to  a wide 
range  of  torques  and  speeds  where  the  angular  misalignment 
requirement  is  small  (i.e.,  less  than  1/2  degree).  To 
provide  higher  angular  misalignment  capability,  designs  using 
combinations  of  disk  packs  in  series  have  been  formulated. 
Figure  4 illustrates  a coupling  of  this  type  which  can  accommo- 
date 2-1/2  degrees  at  speeds  up  to  3000  rpm. 

The  flexure  in  a series  disk  pack  design  occurs  at  the  cen- 
troid of  each  disk  pack.  Bending  is  displaced  over  a signif- 
icant axial  length  since  the  disk  packs  are  separated  by  an 
amount  sufficient  to  provide  clearance  for  the  attachment 
hardware.  The  series  disk  pack  coupling  is  speed  limited 
because  each  disk  pack  behaves  as  a pinned  joint  having  low 
radial  constraint.  At  high  speeds,  this  lack  of  restraint 
can  create  instability  in  the  coupling. 

The  basic,  single  pack,  flexible  disk  coupling  has  excellent 
reliability  and  inspectability . "On  condition"  determination 
can  be  specified  for  replacement  in  most  cases.  Failures  are 
readily  detected  at  periodic  inspection  intervals  because 
cracks  appear  in  the  outside  laminates  of  the  disk  pack 
first,  normally  in  the  area  of  the  bolt  attachment.  Crack 
propagation  is  slow  and  the  ability  of  the  coupling  to  carry 
full  load  for  extended  periods  of  operation  after  initial 
failure  is  a desirable  fail-safe  feature. 
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Figure  4.  Multi-Pack  Flexible  Disk  Coupling. 
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Elastomeric  Coupling 

A third  common  type  of  helicopter  drive  shaft  coupling  is  the 
elastomeric  coupling.  The  successful  application  of  this 
type  of  coupling  found  favor  in  the  early  helicopter  trans- 
mission systems  where  torsional  compliance  was  an  important 
parameter  due  to  the  use  of  reciprocating  engines . 

The  rubber  or  elastomeric  coupling  has  many  configurations, 
but  basically  the  designer  takes  advantage  of  the  elastic 
properties  in  shear  to  accommodate  angular  misalignment  and 
relatively  high  stiffness  in  Compression  to  transmit  torque. 
These  couplings  consist  of  flanged  hubs  or  rims  of  metal  with 
rubber  in  any  number  of  shapes  interposed  between.  An 
example  of  the  elastomeric  coupling  is  shown  in  Figure  5. 

Here  the  elastomer  is  captured  and  alternately  bonded  to  the 
paddle-like  elements  of  the  driver  and  driven  forged  flange 
members . 

Elastomeric  couplings  can  operate  at  moderate  speeds  and  at 
moderate  torques  where  torsional  shock  is  a concern.  If 
operated  at  angular  misalignment  or  with  axial  motion,  all 
relative  deflections  are  absorbed  through  the  flexure  of  the 
elastomer. 

Basic  advantages  of  the  elastomeric  coupling  include  low 
maintenance  and  service  requirements,  good  inspectability, 
and  load  path  redundancy. 

Ambient  temperatures  limit  usage,  and  service  life  is  subject 
to  deterioration  due  to  aging  of  the  elastomer. 

Diaphragm  Coupling 

A fourth  common  type  of  helicopter  coupling  is  the  diaphragm 
coupling.  The  diaphragm  coupling  consists  of  one  or  more 
parallel-sided  disk  elements  connected  alternately  at  the 
inner  and  outer  diameters  and  is  one  of  the  most  recent 
coupling  types  to  find  broad  acceptance  in  helicopter  applica- 
tions . 

A typical  diaphragm  coupling  is  shown  in  Figure  6.  Contoured 
disks,  or  diaphragms,  are  connected  by  alternately  welding  or 
riveting  at  the  inner  and  outer  rims . The  diaphragm  is 
sometimes  contoured  with  exponentially  varying  thickness  to 
provide  uniform  stress  distribution  in  both  torsion  and 
bending.  Flexure  takes  place  in  the  profiled  area  of  the 
diaphragm  which  is  free  of  holes,  sharp  corners,  or  load 
transfer  joints.  Since  the  diaphragms  are  arranged  in 
series,  the  maximum 
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Figure  5.  Elastomeric  Coupling 


angular  misalignment  is  controlled  by  the  number  of  diaphragms 
employed.  Like  the  multiple  pack  flexible  disk  couplings, 
above  a given  number  of  diaphragms  the  coupling  lacks  stability 
and  a ball  and  socket  restraint  is  used  to  prevent  shaft 
whipping.  This  added  complexity  defeats  the  simplicity  and 
the  otherwise  lubrication-free  attributes  of  the  basic 
coupling. 

The  diaphragm  coupling  is  stiff  torsionally  and  soft  axially 
and  in  bending.  It  complies  readily  with  high-speed  balance 
requirements  and  operates  well  in  most  environments.  However, 
crack  propagation  in  the  disks  is  not  low  and  failure  of 
welded  or  riveted  joints  leads  to  rapid  and  catastrophic 
failure.  This  design  is  not  fail-safe  since  it  lacks  ability 
to  transmit  torque  for  any  length  of  time  after  initial 
failure  occurs. 

Maintenance,  Service,  and  Replacement  Criteria 

The  following  maintenance,  service,  and  replacement  criteria 
are  recommended  for  the  four  basic  coupling  types. 

For  a gear  coupling,  the  following  criteria  are  recommended: 

Requires  periodic  lubrication  and  inspection  intervals 
to  observe  signs  of  overheating  or  loss  of  lubricant. 

Access  for  inspection  and  lubrication  must  take  into 
consideration  necessity  for  removal  and  disassembly  of 
coupling  for  this  procedure. 

Specific  MTBR's  should  be  observed  although  failure  is 
progressive. 

Shimming  for  axial  location  is  not  necessary,  but  shaft 
should  have  some  means  provided  for  axial  restraint. 

Coupling  should  be  replaced  when  excessive  backlash  or 
vibration  is  detected. 
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For  a disk  coupling,  the  following  criteria  are  recommended : 

No  maintenance  or  lubrication  requirement. 

Access  for  inspection  is  mandatory  to  determine  if 
laminates  are  cracked. 

Provisions  for  rotating  the  coupling  and  observation  of 
all  fastener  interfaces  are  necessary. 

With  few  exceptions,  "on  condition"  replacement  is 
used.  Coupling  can  still  operate  after  initial  distress. 
Installation  procedure  normally  requires  shimming  shaft 
flange  for  accurate  axial  positioning  to  avoid  building 
in  an  initial  bending  stress. 

For  a diaphragm  coupling,  the  following  criteria  are 
recommended: 

No  maintenance  or  lubrication  required. 

Access  for  inspection  mandatory  to  inspect  all  diaphragm 
surfaces  for  scratches,  dents,  cracks,  and  rust  by 
rotating  coupling. 

Coupling  should  be  replaced  where  excessive  backlash  or 
vibration  is  detected.  Shimming  for  axial  location  is 
not  normally  required,  but  shaft  must  have  some  means 
provided  for  axial  restraint. 

. Coupling  removal  based  on  rated  MTBR. 

For  an  elastomeric  coupling,  the  following  criteria  are 
recommended: 

i 

No  maintenance  or  lubrication  required. 

Access  for  visual  inspection  to  determine  condition  of 
elastomer  and  bond  required. 

Coupling  to  be  replaced  "on  condition."  Failure  is 
progressive  and  coupling  can  function  at  moderate 
speeds  and  torques  after  initial  failure  has  occurred. 

Coupling  should  be  replaced  when  cracking,  flaking, 
bulging,  or  other  signs  of  elastomer  deterioration  or 
separation  of  bond  are  observed. 
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Installation  normally  requires  shimming  for  length. 
Coupling  can  provide  its  own  axial  restraint. 

Typical  Failure  Modes 

The  following  paragraphs  discuss  and  give  examples  of  typical 
failure  modes  of  the  four  basic  types  of  couplings. 

The  flexible  disk  coupling  exhibits  cracks  in  the  outer 
laminations  in  close  proximity  of  the  spherical  washer. 
Fatigue  cracks  originate  at  localized  fretting  areas  of 
contact  where  the  disk  packs  are  secured  by  fasteners  to  the 
respective  flanges.  A slight  gap  or  bulging  of  the  laminate 
in  the  edge  view  indicates  a laminate  failure.  Because  the 
outer  laminations  can  be  easily  observed,  this  type  failure 
is  readily  detectable  during  normal  inspection  intervals. 
Figure  7 shows  an  example  of  a fatigue  crack  approximately 
halfway  through  the  top  laminate.  This  disk  pack  would 
ordinarily  have  many  more  hours  of  life  if  operated  in  this 
condition. 

Failure  of  a gear  coupling  is  accompanied  by  vibration  and 
overheating  and  is  progressive,  taking  place  over  a substan- 
tial period  of  time.  Loss  of  lubricant  due  to  seal  leakage 
or  "boiling  off"  due  to  overheating  results  in  gear  tooth 
pitting  and  spalling.  Ultimately,  the  gear  tooth  fails  as 
shown  in  Figure  8 . 

The  failure  of  the  diaphragm  coupling  is  relatively  rapid 
and  catastrophic.  Failure  of  a diaphragm  is  precipitated  by 
fatigue  cracks  originating  at  stress  concentrations  such  as 
spline  root  radii,  rim-wells,  clamp  rings,  or  rivet  joints, 
depending  on  the  coupling  construction.  Figure  9 shows  the 
propagation  route  of  a typical  failure  of  this  type  coupl- 
ing. Signs  of  distress  are  vibration,  or  at  very  low  speeds, 
an  audible  clicking  sound. 

The  failure  of  the  elastomeric  coupling  is  progressive,  and 
the  coupling  can  continue  to  operate  for  an  appreciable 
period  of  time  subsequent  to  the  initial  failure.  Vibration 
is  a reliable  distress  signal,  and  visual  inspection  will 
reveal  rubber  shedding  or  cracking,  or  bond  separation  at 
the  flange  fingers.  The  failure  shown  in  Figure  10  has  pro- 
gressed to  an  extreme  degree  where  fatigue  failure  of  the 
flange  member  has  taken  place. 
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Figure  8.  Typical  Fracture,  Gear  Coupling. 
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CURRENT  APPLICATIONS  BASELINE 
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The  survey  of  current  helicopter  coupling  applications  was 
divided  into  two  categories.  Low-speed  couplings  ranging  in 
operating  speeds  from  2000  to  5000  rpm  were  placed  in  one 
category,  while  high-speed  couplings  ranging  in  operating 
speeds  from  6000  to  25,000  rpm  were  placed  in  the  second 
category. 

Low-Speed  Couplings 

Low-speed  couplings  are  used  in  tail  rotor  drive  shaft  and 
interconnecting  rotor  shaft  drive  systems.  In  this  applica- 
tion, the  angular  misalignment  capacity  required  is  small, 
the  torque  capacity  high,  and  the  speed  low. 

The  angular  misalignment  capacity  required  is  small  as  a 
result  of  the  long  drive  shaft  segments  used  to  reduce 
weight  by  limiting  bearing  supports.  For  instance,  a shaft 
segment  of  6 feet  in  length  would  require  a combined  installa- 
tion and  deflection  displacement  of  .625  inch  to  produce  a 
continuous  1/2  degree  angular  misalignment  at  the  coupling. 

Of  the  four  types  of  couplings,  the  flexible  disk  coupling 
is  the  most  widely  used  in  the  low-speed  group. 

The  tail  rotor  drive  shaft  and  interconnecting  rotor  shaft 
coupling  applications  were  further  divided  into  three  group- 
ings of  light,  medium,  and  heavy  helicopter  categories  with 
respective  gross  weights  of  zero  to  10,000  lbs,  10,000  to 
20,000  lbs,  and  20,000  to  120,000  lbs,  respectively. 

The  basic  coupling  parameters  of  speed,  torque,  and  angular 
misalignment  for  this  cateogry  of  low-speed  couplings  are 
shown  in  Table  1 . 

High-Speed  Couplings 

High-speed  couplings  are  primarily  used  in  engine  drive 
shaft  systems.  Since  multiengine  helicopter  propulsion 
systems  are  common,  the  high-speed  coupling  group  cannot  be 
categorized  by  helicopter  gross  weight. 

The  high-speed  engine  drive  shaft  coupling  is  basically  a 
high  torque,  low  angular  misalignment  coupling.  The  most 
demanding  operational  constraint  in  high-speed  couplings  is 
that  of  misalignment  because  of  the  induced  vibratory  stress. 
The  effects  of  mass  imbalance  were  also  amplified,  being  a 
function  of  the  speed  squared. 
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38.000  P.D.S.  1 5.7  2468  17,000  1/2  Flexible  Disk 

57.000  T.D.S.  6 7.0  4271  25,400  1/2  Flexible  Disk 

57,000  T.D.S.  1 9.5  2628  41,000  1/2  Flexible  Disk 


The  survey  of  data  for  high-speed  applications  is  shown  in 
Table  2. 

Coupling  Stiffness  Ranges 

Torsional,  axial,  and  bending  stiffnesses  of  couplings  in- 
fluence the  characteristics  of  che  drive  system.  Axial  and 
bending  stiffness  influences  the  load  transmitted  to  the 
supporting  structure  and  bearings  positioning  the  shaft. 
Torsional  stiffness  affects  the  shaft  system  response  to 
variations  in  the  power  being  transmitted. 

Each  coupling  must  be  evaluated  on  the  basis  of  its  individual 
stiffness  characteristics  for  the  particular  drive  system 
application,  since  stiffness  attributes  vary  greatly.  Table 
3 consists  of  general  stiffness  ranges  exhibited  by  the  four 
coupling  types. 

FUTURE  REQUIREMENTS  BASELINE 

After  developing  the  data  for  present  coupling  operational 
capabilities,  the  next  task  was  to  define  the  requirements 
that  would  encompass  future  helicopter  drive  system  needs. 
Preliminary  analysis  indicates  that  helicopter  propulsion 
systems  of  the  future  will  use  lightweight,  high-speed  tur- 
bines now  in  the  development  or  planning  stage.  Plans  also 
call  for  the  implementation  of  vibration  isolation  systems  to 
provide  improved  comfort  levels  for  crew  and  passengers. 

Current  couplings  that  can  meet  the  high-speed,  high-angular- 
misalignment  requirement  are  relatively  heavy,  require  lubri- 
cation and  servicing,  and  involve  tenuous  maintenance,  balance, 
and  inspection  procedures. 

Torque  and  Speed  Requirement 

To  identify  the  future  speed  requirement  of  helicopter 
couplings,  a chart  of  advanced  turbine  technology  data 
(Table  4),  was  compiled.  From  this  data  Figure  11  was 
derived  showing  speed  versus  torque  trends  along  with  current 
baseline  speed/  torque  relationships.  As  can  be  seen  from 
Figure  11  and  Table  4,  the  highest  future  requirement  for 
speed  is  approximately  20,000  rpm. 
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TABLE  4.  ADVANCED  TURBINE  TECHNOLOGY 
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Figure  11.  Torque  versus  Speed  Trending,  High-Speed  Engine  Couplings. 
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Angular  Misalignment  Requirement 

In  an  effort  to  determine  an  equally  realistic  angular  mis- 
alignment requirement,  the  implementation  of  the  Active 
Isolation  System  (AIS)  was  considered.  With  the  AIS,  or 
with  any  type  of  isolation  system,  the  transmission  is  "soft 
mounted"  to  the  airframe.  When  aerodynamic  blade  loads  are 
imposed  on  the  transmission  through  the  soft  mounts,  large 
deflections  can  result.  In  order  for  AIS  to  perform  its 
function,  components  which  interface  with  the  main  trans- 
mission, such  as  engine  input  shafts,  must  not  provide 
significant  load  paths  to  the  airframe  even  when  subjected 
to  high  deflections.  Conversely,  the  main  transmission's 
input  and  output  drive  shaft  flange  motions  must  not  adversely 
affect  the  drive  system  functions . The  key  component  in 
this  system  is  the  drive  shaft  coupling  which  must  accommo- 
date the  relatively  large  angles  of  misalignment  induced  by 
the  deflection  of  the  transmission  with  respect  to  the 
airframe . 

Data  was  obtained  from  a current  helicopter  engaged  in  a 
flight  research  program  implementing  AIS.  This  data  contain- 
ed maximum  rotations  and  motions  in  six  degrees  of  freedom 
of  the  main  transmission  relative  to  the  fuselage.  Maximum 
combinations  of  excursions  were  chosen  and  resolved  to 
determine  actual  angles  of  misalignment  at  the  gearbox  to 
coupling  interface. 

Figure  12  represents  a typical  engine  drive  shaft  and  gearbox 
relationship.  The  maximum  motions  at  the  centerline  of  the 
engine  coupling/gimbal  mount  (location  B in  Figure  12)  for 
the  maximum  condition  were: 

Vertically  + .66  inch 

Laterally  + .77  inch 

Longitudinally  + .74  inch 

This  is  a conservative  condition  where  the  load  reacting 
capability  of  all  the  isolators  is  exceeded  simultaneously 
and  the  isolators  are  bottomed  out.  This  constitutes  a 
maximum  transient  condition  for  the  coupling  requirement.  A 
resolution  of  these  combined  motions  results  in  a transient 
angular  misalignment  of  2.77  degrees. 

A study  of  in-flight  maneuvers  and  the  resulting  motions  was 
made  to  arrive  at  a maximum  normal  operating  misalignment. 
Resolution  of  these  rotations  and  displacements  resulted  in 
a maximum  misalignment  of  0.6  degree  at  the  coupling  inter- 
face. 
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Fwd  Engine 
Support 


Aft  Engine 
Support 


Normal  Installed  Position 


218.42 

268.82 

12.00 


274.65 

266.86 

12.00 


302.75 

246.60 

0.00 


Maximum  Rotated  Position  (Isolators  Bottomed) 


219.18 

268.82 

12.00 


275.39 

267.52 

12.67 


302.75 

246.60 

0.00 


Maximum  change  in  angle  at  B - 2.77° 


Transmission 

Center 


Figure  12.  Engine /Gearbox  Preferred  Configuration, 
A.I.S.  Motion  Study. 
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Fwd  Engine 
Support 


Aft  Engine 
Support 


Fwd  Gearbox 


Support 


B Engine  Input 
Main  Gearbox 


Maximum  operating  displacement  determined  in  study  at  location 
B = .326  inch. 


Angular  misalignment  due  to  this  displacement  seen  by  coupling 
located  at  B = 0.93° 

Allowance  for  installation  at  B = 0.33° 


Maximum  operating  angle  = 1.26° 


Maximum  operating  requirement  of  coupling  to  be  developed  in  the 
program  = 1.50° 


Figure  13.  Engine/Gearbox  Alternate  Configuration, 
A.I.S.  Motion  Study. 
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It  is  observed  that  certain  engine  installations  are  self- 
supporting.  That  is,  both  engine  and  gearbox  are  inde- 
pendently mounted  to  the  airframe  and  subsequently  coupled 
together  by  a short  drive  shaft  (see  Figure  13).  Applying 
identical  input  flange  excursion  to  this  particular  mounting 
configuration  results  in  a much  greater  operating  angular 
misalignment  requirement  of  .93  degree. 

Upon  the  basis  of  these  studies,  a realistic  but  conservative 
coupling  misalignment  requirement  of  1.5  degrees  continuous 
and  3.0  degrees  transient  was  established  for  a speed  of 
20,000  rpm.  This  point  is  plotted  on  the  misalignment 
versus  speed  coupling  curve  of  Figure  14  and  shows  the  order 
of  improvement  to  be  achieved  in  attaining  this  program 
goal . 

The  following  requirements  definition  was  formulated  as  a 
result  of  the  Future  Requirements  Study. 


Requirements  Definition 
Mandatory  Requirements 
Torque 
Speed 


Angular  Misalignment 
Continuous 
Transient 


4727  in. -lbs  (1500  hp) 
20,000  rpm 


1 . 5 deg 
3 . 0 deg 


Constant  Velocity  Ratio 

No  Lubrication  or  Service  Requirement 

Long  Life  2500  hr  MTBR 

Fail-Safe  Construction 

Broad  Environmental  Application 

Temperature  Range  -65°F  to  250  F 

Dust,  Sand,  Water,  Salt  Spray,  Snow  and  Ice 
(Qualification  Test  per  MIL-STD-810B) 
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Figure  14.  Angular  Misalignment  versus  Speed,  High-Speed  Engine  Couplings 


Design  Goals 


Light  Weight 


1 lb  or  less 


Ease  of  Installation  and  Removal 


Angular  Misalignment 
Continuous 
Transient 

Constant  Velocity  Ratio 


3 deg 
5 deg 


The  rotational  velocity  of  the  driving  and  driven  member 
should  remain  constant  during  transmission  at  angular  mis- 
alignments. It  is  important  that  cyclic  torsional  pulsations 
are  not  generated  by  the  coupling,  as  they  would  have  an 
adverse  effect  on  engine  or  gearbox. 

No  Lubrication  or  Service  Requirements 

Some  couplings  have  parts  with  moving  contact  that  require 
lubrication  and  maintenance.  The  rubbing  parts  generate 
heat,  are  subject  to  wear,  and  the  coupling  performance 
rapidly  deteriorates.  Moreover,  the  lubricant  seals  limit 
the  couplings'  environmental  and  shelf  life  and  make  manda- 
tory frequent  inspection  and  service  intervals.  Future 
couplings  should  not  require  lubrication,  so  the  above 
problems  will  not  be  encountered. 

Substantial  MTBR 

Aircraft  dynamic  components  have  a mean-time-between-removal 
(MTBR)  rate  for  scheduled  removals  for  overhaul,  repair,  or 
inspection,  and  unscheduled  removals  for  failures.  Removals 
for  modifications,  cannibalization,  or  to  facilitate  other 
in-aircraft  maintenance  are  excluded.  Component  MTBR  has  a 
direct  influence  on  aircraft  availability  and  readiness, 
maintenance  burden,  spares  requirement,  and  reliability. 

The  future  coupling  should  have  an  MTBR  substantially  above 
state-of-the-art  designs. 

Fail-Safe  Construction 

A practical  and  sound  safeguard  against  catastrophic  failure 
from  fatigue  or  other  damage  is  a fail-safe  structure.  This 
is  in  keeping  with  present  aircraft  design  philosophy  which 


dictates  that  the  component  must  sustain  approximately  limit 
loads  with  any  one  of  its  elements  failed.  In  the  future 
coupling,  the  flexure  element  should  be  designed  to  cope 
with  this  requirement. 

Broad  Environmental  Application 

In  military  helicopter  coupling  applications,  the  operational 
environment  runs  to  extremes.  Temperatures  vary  ranging 
from  arctic  to  equatorial.  Combinations  of  moisture,  sand, 
dust,  salt,  and  ice  adversely  influence  the  surfaces  in 
close  proximity  because  the  airframe  normally  provides 
little  shelter  from  exposure  to  these  elements.  All  parts 
must  be  treated  for  protective  finishes,  and  insulation  of 
dissimilar  material  becomes  extremely  important  for  the 
coupling  and  interface  hardware  in  this  rugged  environment. 

Care  must  be  exercised  in  excluding  the  formation  of  natural 
pockets  or  crevices  that  will  permit  buildup  of  corrosive 
deposits  of  sand,  salt, or  moisture  or  provide  physical  ob- 
struction which  limits  functional  deflection  of  component 
parts . 
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COUPLING  DESIGN 


CONCEPTUAL  DESIGN 

The  initial  objective  of  the  conceptual  design  phase  of  the 
program  was  to  generate  new  and  innovative  coupling  concepts 
that  would  enable  the  coupling  design  objectives  to  be  met 
or  exceeded.  In  addition,  consideration  was  given  to  para- 
meters such  as  envelope  size,  economy  of  fabrication,  simpli- 
city of  construction,  and  overall  adaptability  to  helicopter 
drive  system  constraints . 

As  a result  of  the  patent  data  search,  data  from  coupling 
fabricators,  and  engineering  brainstorming  sessions,  several 
novel  concepts  began  to  emerge.  Basically,  the  coupling 
envisioned  was  to  have  no  moving  parts  and  thus  eliminate 
the  necessity  for  servicing  and  lubrication  (in  other  words, 
a flexure  element  coupling). 

Research  and  prototype  demonstration  programs  had  already 
indicated  potential  for  the  use  of  fiber  reinforced  composite 
materials.  The  high  strength,  low  modulus  properties  inherent 
in  these  composites  are  ideal  for  a coupling  flexure  member. 
Composites  also  offer  additional  attractive  properties  such 
as  low  weight,  excellent  fatigue  properties,  low  cost,  and 
ease  of  fabrication. 

A composite  material  consists  of  reinforcing  filaments 
(boron,  graphite,  glass,  etc.)  imbedded  in  a matrix  (epoxy, 
resin,  or  aluminum)  which  supports  and  carries  the  reinforce- 
ment. A laminated  composite  consists  of  stacking  several 
plies  or  layers  in  preferred  orientations.  This  network  of 
plies  is  subsequently  cured,  forming  a single  element  having 
homogenous  properties  of  stiffness  and  strength.  Depending 
on  the  fiber  orientation,  the  strength  of  the  cured  element 
can  be  different  in  each  direction. 

The  use  of  composites  also  offers  adaptability  to  construc- 
tion by  laying  up  the  impregnated  plies  in  various  thicknesses 
to  provide  the  precise  section  properties  desired.  Having 
decided  to  use  a composite  flexure  element,  the  next  step 
was  to  determine  whether  to  use  a composite  tape  or  a con- 
tinuous filament  winding.  In  addition,  each  coupling 
configuration  was  considered  individually  for  the  type  of 
composite  to  be  used.  This  was  determined  analytically  by 
applying  the  particular  composite  material  properties  to  the 
geometry  of  the  load,  joint,  and  wrap  applicable  to  each 
concept. 
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As  a result  of  this  conceptual  design  effort,  seven  concepts 
were  conceived,  all  but  one  employing  a composite  flexure 
member.  These  concepts  were  subsequently  analyzed  and 
evaluated  using  the  following  design  conditions  where  $ is 


the  angular  misalignment: 

. Speed  = 

20,000  rpm 

HP 

1500 

<t>  (continuous)  = 

1 . 5 deg 

<P  (transient)  = 

3 . 0 deg 

Diaphragm  Coupling 

The  diaphragm  coupling  shown  in  Figure  15  is  attractive 
because  of  its  simplicity  and  one-piece  construction.  This 
configuration  eliminates  load  transfer  joints  and  loose 
parts  that  affect  balance  and  add  weight. 

The  typical  failure  mode  of  the  metallic  diaphragm  counter- 
part is  fatigue  crack  initiation  followed  by  rapid  crack 
propagation  leading  to  eventual  complete  loss  of  drive.  The 
chance  of  this  catastrophic  type  failure  would  be  reduced  in 
a composite  diaphragm  by  virtue  of  ply  orientation  in  the 
composite  buildup  which  would  increase  crack  propagation 
time . 

Loop-Belt  Coupling 

The  loop-belt  concept  shown  in  Figure  16  employs  a flexure 
element  fabricated  of  unidirectional  composite  tape.  The 
three  driving  belts  are  the  primary  tension  members  connect- 
ing the  alternate  lobes  of  the  input  and  output  flange 
adapters . 

The  driving  belts  are  constructed  by  winding  tape  in  a 
fixture  aroung  fittings  at  the  fastener  locations  until  the 
desired  thickness  is  obtained.  A subsequent  wrap  of  much 
thinner  section  in  the  form  of  a circumferential  belt  is 
employed  to  maintain  proper  spacial  relationships  and  to 
combine  the  three  belts  into  an  assembly. 

This  concept  features  simplicity  of  construction  utilizing 
unidirectional  composite  tape. 
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Circumferential  Belt  Coupling 


Figure  17  illustrates  the  concept  of  a belt  which  utilized 
unidirectional  composite  tape  wound  over  the  alternating 
lobes  of  the  input  and  output  flange  members.  The  circum- 
ferential strap,  which  carries  the  torque  through  tension, 
is  reinforced  by  +45°  cross  plies  at  the  load  transfer 
joints.  The  cross  section  of  the  flexure  segment  can  be 
optimized  to  provide  load  and  angular  misalignment  capacity 
while  maintaining  acceptable  stress  levels. 

The  design  is  simple  and  compact  and  has  economy  of  construc- 
tion, low  unit  weight,  and  absence  of  loose  parts.  The 
design  of  the  connection  at  the  composite  strap  is  the  key 
to  success  of  this  coupling. 

Elastomeric  Coupling 

The  concept  shown  in  Figure  18  is  not  new,  but  has  been  used 
with  a measure  of  success  in  the  helicopter  industry.  The 
elastomeric  coupling  has  excellent  misalignment  and  torque- 
carrying capacity  but  in  the  past  has  experienced  rubber 
block  and  bond  failures  traceable  to  what  in  current  tech- 
nology is  known  as  poor  shape  factor.  Failure  due  to 
compression  instability  at  certain  combinations  of  torque 
and  speed  is  the  result. 

A modification,  as  illustrated  here,  was  considered  a candi- 
date concept  for  the  coupling  to  be  developed  in  the  program. 

Filament-Wound  Coupling 

The  coupling  shown  in  Figure  19  is  comprised  of  four  filament- 
wound  composite  flexure  members,  each  being  a separate  unit 
wound  around  a half-spool  fitting  at  either  end.  The  members 
are  secured  by  fasteners  at  alternate  lobes  of  the  driving 
and  driven  flange  adapters. 

The  f ilament-wound  coupling  configuration  lends  itself  to 
the  use  of  a filament  composite  fiber  as  opposed  to  composite 
tape  construction.  The  uninterrupted  filaments  wound  around 
the  load  transfer  fittings  should  prove  beneficial  in  this 
critical  area. 
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Adapter  Flange 
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Figure  18.  Elastomeric  Coupling  Concept. 


Figure  19.  Filament-Wound  Coupling  Concept. 
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Tension  Strap  Coupling 

The  tension  strap  coupling  shown  in  Figure  20  has  four 
flexure  members  loaded  in  tension.  In  a conventional  disk 
type  coupling,  alternate  segments  of  the  flexure  member  are 
loaded  in  tension  and  compression.  Since  the  segment  in 
tension  is  an  order  of  magnitude  stiffer  than  the  segment  in 
compression,  the  compression  segment's  contribution  in  the 
driving  effort  is  negligible. 

By  eliminating  the  compression  portion  of  the  coupling,  an 
additional  driving  member  can  be  added.  Each  driving  member 
is  of  greater  length  for  the  same  coupling  envelope  size, 
which  yields  two  benefits.  First,  the  section  can  be  made 
25%  thinner  for  the  same  axial  stress  because  the  load  per 
member  is  reduced.  Second,  the  length  of  each  flexure 
element  is  substantially  increased  by  virtue  of  the  coupling 
geometry.  This  combination  of  a thinner  and  longer  member 
provides  for  increased  angular  misalignment  capability  at 
the  same  low  bending  stress. 

This  coupling  is  designed  to  transfer  torque  primarily  in 
one  direction,  which  does  not  present  a problem  for  heli- 
copter applications. 

Helical  Strap  Coupling 

The  concept  of  the  helical  strap  coupling  shown  in  Figure  21 
is  similar  to  that  of  the  tension  strap  coupling  of  Figure 
20,  i.e.,  it  is  comprised  of  four  flat  helical  cantilever 
tension  members  which  act  as  driving/flexing  members  connect- 
ing the  input  and  output  flanges.  The  coupling  is  fabricated 
from  unidirectional  composite  tape  wound  around  an  arbor 
until  an  annulus  of  the  required  proportion  is  formed. 

After  the  curing  process,  the  helical  straps  are  formed  by 
machining  four  helical  slots  180  degrees  long  phased  90 
degrees  apart.  With  this  method  of  fabrication,  the  stresses 
at  the  ends  of  the  slots  are  high.  A better  joint  design 
can  be  obtained  by  building  the  coupling  as  a layup,  but  the 
manufacture  becomes  more  expensive. 

The  unit  construction  eliminates  joint  load  transfer  problems, 
assembly  procedures,  and  loose  hardware. 
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PRELIMINARY  DESIGN 


During  this  portion  of  the  program,  the  coupling  concepts 
were  analytically  sized  and  evaluated  using  the  future 
operational  requirements.  The  following  paragraphs  discuss 
typical  analytical  procedures  used  which  provided  the  basis 
for  coupling  comparisons  and  evaluation. 

Basic  Load  Relationships 

The  flexure  elements  of  most  of  the  concepts  under  considera- 
tion were  modeled  as  a fixed  ended  beam  with  axial  tension, 
moment,  and  transverse  loading.  Axial  tension  tends  to 
straighten  the  beam  and  thus  reduce  the  bending  moment  pro- 
duced by  the  transverse  loads,  in  which  case  a solution 
cannot  be  obtained  by  simple  superposition.  The  method  used 
must  take  into  account  the  changes  in  deflection  and  axial 
loads  and  their  related  effect  on  the  bending  moment.  The 
equations  derived  for  these  relationships  are  shown  along 
with  a model  of  the  loading  in  Figure  22. 

Composite  Joint  Analysis 

A basic  problem  in  the  design  of  composite  members  is  the 
analysis  of  axially  loaded  joints  which  are  typically  found 
in  couplings  at  the  interface  of  the  flexure  member  and  its 
mating  component.  The  composite  coupling  joints  can  be 
designed  using  the  methodology  developed  at  Carnegie-Mellon 
University.  Sikorsky  computer  program  Y205A  uses  this 
method.  The  joint  geometry  is  shown  in  Figure  23  along  with 
a matrix  of  ply  layups  consisting  of  various  numbers  of  0 
degree  and  +45  degree  plies  which  comprise  the  flexure 
member  laminate.  The  computer  program  takes  into  account 
the  directional  material  property  data  of  the  composite 
being  evaluated  and  determines  the  static  strength  of  the 
joint  designs  for  any  combinations  of  ply  orientations  at 
the  design  ultimate  load. 

Bearing  failure  tends  to  be  the  critical  failure  mode  in 
Kevlar  due  to  its  low  compressive  strength  (40,000  psi)  in 
the  fiber  direction.  All  the  designs  shown  in  Figure  23  are 
critical  in  bearing.  The  mixture  of  0 degree  to  +45  degree 
plies  indicated  in  these  joints  was  based  on  information 
obtained  from  previous  computer  runs.  The  equation  for  the 
Margin  of  Safety  is 

M F allowable 

MS  - F (3) 


where 


stress  in  psi 
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v_ 


M=  WICOSH  KL-1)  (4) 

K ISINH  KL] 

y_  W.  KL-TANH  KL  - (COSH  KL~l)2 
P SINH  KL-  COSH  KL 


K =JT 
1EI 


WHERE: 


M = BENDING  MOMENT,  IN'LB 
Y = DEFLECTION,  IN, 

W — TRANSVERSE  LOAD,  UB. 

P = TORQ.UE  LOAD,  LB. 

E = MODULUS  OF  ELASTICITY 
I = MOMENT  OF  INERTIA,  IN* 

L = LENGTH  OF  FLEXURE  ELEMENT,  IN. 


Figure  22.  Basic  Load  Model. 


Figure  23.  Composite  Joint  Model  and  Ply  Mix  Matrix. 


Material  Selection 


Normally  the  stresses  developed  by  the  operating  torque 
alone  have  only  a secondary  effect  upon  the  endurance  of  any 
coupling.  The  prime  source  of  failure  is  fatigue  damage 
incurred  by  the  alternating  stresses  resulting  from  angular 
misalignment.  Consequently,  the  ideal  material  for  the 
coupling  flexure  member  has  three  basic  mechanical  properties: 
high  strength,  low  bending  modulus,  and  high  fatigue  endur- 
ance. Of  all  the  fibers  examined,  Kevlar  49  embodies  the 
best  combination  of  these  basic  properties.  Table  5 gives 
material  properties  for  some  typical  composites.  Figure  24 
is  an  S/N  curve  comparison  of  Kevlar  with  two  other  low 
modulus  composites:  E-  and  S-Glass/Epoxy . Boron  and  graphite 
have  excellent  strength  and  fatigue  properties,  but  have  a 
relatively  high  bending  modulus.  It  should  be  noted  that 
these  curves  represent  unidirectional  fibers  with  a minimum 
to  maximum  stress  relationship  of  R = .1. 

The  data  on  Kevlar  49  is  presented  in  Figure  25  as  a Goodman 
diagram  which  is  a convenient  form  for  the  design  analyst. 

An  allowable  working  stress  for  the  material  is  found  by 
multiplying  the  mean  allowable  by  the  reliability  factor  (R 
= .61  for  three  sigma). 

Typical  Coupling  Sizing 

In  preparation  for  comparing  each  of  the  seven  coupling 
designs  and  selecting  two  for  fabrication  and  test,  a 
preliminary  analysis  was  conducted  to  determine  the  size  and 
weight  of  each  design.  The  primary  consideration  in  this 
effort  was  to  obtain  the  impact  of  the  flexure  element 
configuration  on  the  coupling. 

The  following  examples  are  typical  of  the  procedures  used  in 
this  effort. 
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UNIDIRECTIONAL  COMPOSITE 
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Circumferential  Belt  Couplin 


In  examining  the  basic  relationships  established  in  Figure 
22,  it  is  seen  that  the  load,  P,  deflection,  Y,  effective 
length,  L,  and  moment,  M,  are  all  a function  of  the  coupling 
radius.  By  choosing  a radius  at  random  and  calculating  the 
maximum  stress,  a curve  of  stress  versus  radius  is  derived 
and  is  shown  in  Figure  26.  Using  the  plot  of  alternating 
stress  versus  steady  stress  in  Figure  25  along  with  Figure 
26,  a satisfactory  solution  for  the  flexure  element  can  be 
made  and  the  coupling  size  determined. 


Mat ' 1 : 


E=7. 25x10 


Kevlar 


* 100- 


Max  Allow 


Coupling  Radius  - inches 

Figure  26.  Maximum  Stress  versus  Coupling  Radius 
Circumferential  Strap  Design. 


Loop-Belt  Couplin' 


i 


The  loop-belt  coupling  can  be  represented  by  two  tri-lobe 
flanges  connected  by  flexible  elements.  As  the  driven  and 
driving  flanges  are  rotated  with  respect  to  each  other  through 
an  angle  (representing  angular  misalignment),  the  flexible 
elements  are  bent  and  twisted.  The  coupling  can  thus  be 
idealized  as  shown  in  Figure  27. 


Figure  27.  Loop-Belt  Analytical  Model. 


A 


The  loads  transmitted  by  the  coupling  are 
hp  = 1500  @ 20,000  rpm 

T = (631^5°0)  = 

The  driving  loads  transmitted  by  the  flexible  elements  are 

2T  12)  ( 4730 ) _ 3640 

Ft  = 3D  cos  30°  3D  cos  30°  D (7) 

and  each  element  transmits  one  half  of  the  total. 

_ 1820 
* D 

Figure  28  shows  the  isolated  elements  with  loads. 


Figure  28.  Loop-Belt  Analytical  Model 
Isolated  Elements. 
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From  an  analysis  of  this  flexible  element,  the  following 
equations  can  be  derived: 


x 


Mo 

P 


( 


1 

cosh  kl 


-1) 


W cosh  kl-1 
k sinh  kl 


(tanh  kl  - kl) 


(8) 

(9) 


(10) 


(ID 


Combining  equations  (8)  and  (9), 

PX  

Mo  “ — kT“sinh  kl  sinh  kl  tanh  kl  _ cosh  kl-1 

cosh  kl-1  ~ cosh  kl-1  cosh  kl  (12) 


where 


x = 


D+d 


sin  a 


(see  Figure  27) 


(13) 


The 


stresses  in  the  element  can  be  calculated  as  follows. 


Shear 


S 


s 


KG 

L 


(3a  + 1.8b) 


o 2.  2 

8a  b 


Axial 


S 


t 


where 

a = 1/2  section  width 
b = 1/2  section  height 
(See  Figure  28) 


(14) 


(15) 
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Figure  29  is  a series  of  curves  for  various  loop-belt  coupling 
diameters  showing  steady  and  vibratory  stress  as  a function 
of  belt  thickness  for  a constant  width. 

All  seven  couplings  were  subjected  to  this  preliminary  type 
of  sizing  analysis  to  formulate  an  equitable  baseline  for 
comparison.  Drawings  of  each  of  the  seven  concepts  are 
shown  in  Figures  30  through  36. 

COUPLING  SELECTION  PARAMETERS 

After  completion  of  the  Preliminary  Design  Phase  of  this 
program,  a decision  point  had  been  reached.  This  milestone 
involved  the  selection  of  two  coupling  designs  to  pursue 
through  fabrication  and  test.  As  a guide  in  making  these 
design  choices,  a relative  ranking  by  a weighted  factor 
method  was  chosen  to  provide  an  objective  evaluation  of  the 
seven  coupling  concepts  to  be  considered. 

Four  criteria  were  chosen  to  evaluate  the  coupling  design: 
weight,  cost,  reliability,  and  operational  limits.  These 
four  factors  were  given  a weighted  value,  the  sum  of  which 
became  the  individual  coupling's  rating  of  merit,  with  100% 
being  a perfect  rating. 

The  four  ranking  criteria  were  assigned  the  following  values 
based  on  engineering  judgment,  and  they  represent  the  rela- 
tive importance  of  each  factor  to  the  overall  coupling 
design . 


1. 

Reliability 

40% 

2. 

Operational  Limits 

30% 

3. 

Weight 

20% 

4. 

Cost 

JM 

100% 

Each  of  these  four  basic  criteria  were  subsequently  subdivided 
where  applicable  into  subcategories. 
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Figure  29.  Maximum  Stress  versus  Section  Thickness, 
Loop-Belt  Coupling  Diameter. 
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Weight 


The  weight  of  each  of  the  designs  shown  in  Figures  30  through 
36  was  determined  by  calculating  the  volume  for  each 
component  and  multiplying  by  the  appropriate  density. 

The  coupling  with  the  lowest  weight  was  assigned  20%  in  the 
weight  ranking  criteria,  while  the  coupling  with  the  highest 
weight  was  assigned  the  lowest  percent  (4%  for  the  elastomeric 
coupling) . 

Cost 


The  cost  rating  of  each  coupling  was  determined  on  a compari- 
tive  basis.  Such  factors  as  complexity  of  construction, 
material  cost,  and  processing  were  considered  to  establish  a 
rating  from  1%  to  10%. 

Reliability 

The  reliability  parameter  was  subdivided  into  three  cate- 
gories. Each  of  the  subdivisions  was  given  the  weighted 
percentage  as  shown  below: 


Number  of  Parts 

15% 

Fail  Safety 

15% 

Confidence  Factor 

10% 

40%  = total  for  reliability 

The  first  parameter  included  in  reliability  was  the  number 
of  parts.  This  parameter  has  been  assigned  15%  weight  to 
t*>e  total  figure  of  merit.  In  the  evaluation  of  the  number 
Cj.  parts,  the  laminated  steel  strap  was  considered  one 
element,  whereas  in  the  elastomeric  coupling,  the  15  rubber 
blocks  were  considered  individual  parts. 

The  number  of  parts  comprising  a component  is  not  a direct 
measure  of  reliability,  but  experience  does  bear  out  that 
the  greater  the  number  of  parts,  the  greater  the  chance  of 
failure.  This  relationship  in  an  assembly  can  be  expressed 
as 


RA  = <R1>  (r2)  • • • <RN> 

Ra  = reliability  of  the  assembly 

R^ , R2/  etc  = reliability  of  individual  parts 
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Therefore,  assuming  no  change  in  the  individual  component 
reliabilities,  the  assembly  with  the  greater  number  of  parts 
will  have  a lower  reliability. 


1 


In  arriving  at  the  actual  ratings  for  the  individual  cou- 
pling, a linear  relationship  is  used.  The  coupling  with  the 
lowest  number  of  parts  was  given  a rating  of  100%  of  the  15% 
for  number  of  parts,  while  the  coupling  with  the  greatest 
number  of  parts  was  given  a rating  of  50%  of  the  15%. 

The  factor  for  reliability  based  on  the  number  of  parts  can 
be  expressed  as 

Fn  = 46.875N  - 46.645  (16) 

The  coupling  with  the  lowest  number  of  parts  approaches  the 
maximum  rating  of  15%  using  the  above  equation. 

The  second  reliability  rating  factor  is  fail  safety,  which  is 
also  assigned  a value  of  15%.  The  most  common  mode  of 
failure  is  assumed  to  be  fatigue  of  the  flexure  element  under 
conditions  such  as  those  represented  by  the  fastener  interface 
with  the  flange.  The  coupling  is  then  rated  on  its  ability 
to  perform  with  as  many  failed  elements  as  possible.  Thus, 
torque  path  redundancy  is  used  as  a measure  of  the  fail-safe 
rating  and  can  be  expressed  as  follows: 


The  coupling  with  the  most  redundant  paths  was  given  a 
rating  of  90%  of  the  15%  assigned  for  fail  safety  and  that 
with  the  least,  a rating  of  50%  of  the  15%.  This  can  be 
presented  as 

F = .165  - . 09P  (17) 

where 

P = number  of  load  paths 
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The  third  and  final  factor  to  be  considered  was  the  reli- 
ability confidence  factor  which  was  assigned  a total  of  10%. 
The  couplings  being  evaluated  were  new  concepts,  and  obvious- 
ly no  field  usage  data  could  be  used  directly  to  establish 
these  values.  However,  by  similarity  to  couplings  in  use, 
and  a knowledge  of  the  individual  coupling's  sensitivity 
observed  in  the  analysis,  an  objective  ranking  can  be  made. 
This  third  factor  is  given  a maximum  weight  of  10%  to  that 
coupling  rated  with  the  highest  confidence  level. 


The  relative  reliability  ratings  for  the  seven  couplings 
based  on  a total  value  of  40%  of  the  total  figure  of  merit 
are  shown  below  in  Table  6. 


TABLE  6. 

RELIABILITY  RATING 

No . 

Confi- 

Total 

of 

Fail 

dence 

Reli 

Parts 

Safe 

Factor 

ability 

Coupling 

15% 

15% 

10% 

40% 

Diaphragm 

.15 

.09 

.09 

33 

Loop-Belt 

.08 

.13 

.09 

29 

Circumferential 

.15 

.09 

.07 

31 

Elastomeric 

.08 

.14 

.05 

27 

Filament  Wound 

.10 

.09 

.07 

26 

Tension  Strap 

.13 

.14 

.10 

37 

Helical  Strap 

.15 

.09 

.09 

33 

Operational  Limits 


The  limits  of  operation  factor  is  assigned  a total  weight  of 
30%  of  the  total  figure  of  merit  and  is  divided  into  three 
subcategories:  torque,  speed,  and  misalignment.  This 

factor  is  used  to  measure  the  coupling's  potential  to  meet 
the  needs  of  the  helicopter  coupling  usage  spectrum. 

The  torque  limit  is  assumed  to  be  that  which  would  be  encoun- 
tered in  a heavy  lift  helicopter,  i.e.,  8000  hp  at  11,000 
rpm  or  46,000  in. /lbs.  The  torque  limit  factor  is  given  an 
individual  rank  of  10%  of  the  total  figure  of  merit. 

The  potential  speed  limit  is  established  in  the  basis  of  the 
proposed  STAGG  engine  concept  which  has  a maximum  rating  of 
800  hp  at  30,000  rpm.  An  assessment  of  the  individual 
coupling's  ability  to  operate  at  these  high  speeds  is  a 
measure  of  its  adaptability  to  this  environment  and  forms 
the  basis  for  the  10%  speed  factor  rating. 
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The  misalignment  factor  is  also  given  a weight  of  10%.  This 
parameter  is  a measure  of  the  coupling's  ability  to  transmit 
torque  with  a high  degree  of  misalignment.  A summary  of  the 
rankings  for  operational  limits  is  presented  in  Table  7. 


TABLE  7.  OPERATIONAL  LIMITS  RATING 


Coupling 


Diaphragm 
Loop-Belt 
Circumferential 
Elastomeric 
Filament  Wound 
Tension  Strap 
Helical  Strap 


Torque  Speed  Misalignment 


Operational 

Limit 

30% 


The  resulting  total  figure  of  merit  for  each  of  the  coupling 
concepts  is  shown  in  the  coupling  selection  matrix  chart  of 
Table  8. 

COUPLING  SELECTION 

It  was  decided  that  two  designs  would  be  selected  for  fabrica- 
tion and  testing.  The  two  designs  selected  were  the  composite 
helical  strap  coupling  and  the  tension  strap  coupling.  The 
diaphragm  coupling,  although  placing  second  in  the  figure  of 
merit  (see  Table  8),  was  not  selected  for  final  design.  This 
design  required  analytical  methodology  that  was  not  yet  avail- 
able and  that  would  increase  the  development  cost  of  the 
program.  The  tension  strap  coupling  running  a close  third 
was  chosen  as  the  second  design  to  develop  for  fabrication. 

The  final  designs  of  both  the  composite  helical  strap  coupling 
and  the  tension  strap  coupling  are  shown  in  the  assembly 
drawings,  Figures  37  and  38  respectively. 

Particular  attention  was  given  to  the  selection  of  a manu- 
facturer to  fabricate  the  composite  helical  strap  coupling. 

An  appraisal  of  five  sources  and  their  recommended  approach 
to  composite  layup  and  processing  procedures  was  conducted. 

A team  comprising  representatives  from  purchasing,  manufactur- 
ing, engineering,  structural  materials,  and  design  engineering 
was  consulted  in  making  the  vendor  selection. 
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TABLE  8.  COUPLING  DESIGN  SELECTION  MATRIX 
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Figure  38.  Tension  Strap  Coupling  Assembly  Drawing. 


The  fabrication  of  the  tension  strap  coupling  was  compara- 
tively simple,  and  the  component  parts  were  assigned  to 
local  manufacturers  for  fabrication.  The  final  assembly  was 
performed  at  Sikorsky. 

Photographs  of  the  two  couplings  fabricated  in  this  effort 
are  shown  in  Figures  39  and  40. 

In  addition  to  the  test  specimens,  hardware  had  to  be  design- 
ed and  fabricated  to  modify  the  test  facility  to  accommodate 
the  test  requirements.  This  consisted  of  changes  to  provide 
incremental  angular  misalignment  at  the  coupling  flanges  up 
to  6°,  adapter  shafts  for  the  two  different  couplings,  and 
provisions  for  a high-speed  telemetry  slip  ring. 
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TEST  FACILITY 

DYNAMIC  TEST  FACILITY 

The  high-speed  coupling  test  facility  consists  of  two  H-3 
helicopter  main  transmission  input  sections  arranged  back- 
to-back.  These  units  were  originally  designed  to  operate  at 
18,900  rpm  at  1750  hp  and  have  been  successfully  operated  at 
speeds  up  to  26,500  rpm  in  prior  test  programs. 

This  test  unit  is  a four  square  regenerative  arrangement 
with  the  two  end  boxes  connected  by  dual  shafts  through  the 
couplings  to  be  tested.  A portion  of  the  coupling  torque  is 
introduced  statically  through  the  closed  gear  loop.  Hydraulic 
pistons  provide  means  whereby  the  required  test  torque  can 
be  achieved  dynamically  after  the  operating  speed  has  been 
reached.  The  location  of  the  end  boxes  relative  to  one 
another  determines  the  shaft  coupling  misalignment.  Angular 
misalignment  is  introduced  through  adjusting  jacks  located 
at  the  mounting  feet  of  the  slave  gearbox.  A 150-hp  electric 
motor  and  eddy-current  clutch  drives  the  unit  through  a 
matched  set  of  multiply  V-belts  at  the  rotor  brake  flange. 

The  power  supplied  by  the  motor  is  only  required  to  overcome 
the  system  friction. 

Photographs  of  the  test  unit,  Figures  41  through  45,  show 
the  general  arrangement  and  some  details  of  the  angular 
misalignment  adjustment  features,  vibration  instrumentation, 
and  coupling  test  shaft  containment  provisions. 

STATIC  TEST  FACILITY 

The  static  test  fixture  comprises  a reaction  member  to  which 
the  test  coupling  is  secured  by  its  driven  flange,  and  a 
torque  arm  which  is  fastened  to  its  input  flange.  Torque  is 
supplied  to  the  system  through  a pulley  and  cable  arrangement 
by  a calibrated  hydraulic  load  cell.  Dial  indicator  gages 
are  installed  at  both  input  and  output  flanges  of  the  test 
coupling  and  at  the  test  rig  torque  arm.  A photograph  of 
the  unit  and  placement  of  the  indicators  is  shown  in  Figure 
46.  The  readings  of  all  three  gages  are  recorded  as  each 
test  torque  level  is  achieved.  The  difference  between  the 
dial  gage  readings  at  the  input  and  output  flange  locations 
is  a measure  of  the  torsional  deflection  in  the  coupling, 
while  the  gage  on  the  torque  arm  indicates  total  system 
windup. 
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gure  42.  High-Speed  Test  Facility,  Bac 


Figure  43.  High-Speed  Test  Facility,  Dummy  Box  Input,  Test  Shaft  Side. 
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Figaro  44 . High-Speed  T<  • Facility,  Angulai  Misalignment  A-' justing  Jack 
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TESTS 


DYNAMIC  TEST  PROCEDURE 

Specimens  of  the  tension  strap  coupling  were  fabricated, 
mounted  on  the  test  shaft,  and  dynamically  balanced.  The 
first  test  was  designed  to  validate  the  performance  of  the 
couplings  by  operating  for  10  hours  or  until  first  signs  of 
distress  at  100%  speed,  torque,  and  angular  misalignment. 

The  initial  run  consisted  of  operation  at  2000  rpm  with  "0" 
torque  and  "0"  angular  misalignment.  Speed  was  then  increas- 
ed in  increments  of  2000  rpm  until  the  final  operating  speed 
of  20,000  rpm  was  reached.  Each  test  condition  was  held  for 
15  minutes  prior  to  advancing  to  the  next  speed.  At  each 
level  of  speed,  oil  flow,  temperatures,  and  vibration  levels 
were  monitored. 

Dynamic  Test  Results 

The  tension  strap  coupling  was  tested  with  the  procedure 
outlined  above.  When  the  coupling  speed  attained  the  desig- 
nated 20,000  rpm,  the  test  shaft  experienced  a coupling 
fracture,  aborting  further  test  effort. 

The  coupling  assembly,  as  well  as  the  facility  adapter 
flanges,  sustained  the  damage  shown  in  Figures  47,  48,  and 
49.  Examination  of  the  fractured  parts  indicated  a static 
type  failure  of  the  coupling  flange  at  the  root  of  the 
attachment  lug.  Further  analysis  of  the  test  components 
showed  that  the  fracture  was  caused  by  centrifugal  force 
acting  at  the  eccentric  distance  between  the  flange  center- 
line  and  tension  strap  centerline.  It  was  further  determined 
that  without  modification,  the  coupling  flange  design  limited 
the  operational  speed  of  the  coupling  to  16,000  rpm. 

STATIC  TEST  PROCEDURE 

The  static  test  consisted  of  subjecting  each  test  coupling 
to  a torque  equivalent  to  twice  the  design  torque  condition. 
One  side  of  the  coupling  was  fixed  while  torque  was  applied 
in  increments  of  1100  inch-pounds  to  a maximum  value  of  9900 
inch-pounds.  Torsional  deflection  was  recorded  at  each  load 
level.  A photographic  record  was  also  made  of  the  test  set- 
up. 

Static  Test  Results  - Tension  Strap  Coupling 

The  tension  strap  coupling  was  successfully  tested  to  a load 
above  the  design  ultimate  torque  without  any  permanent 
deformation  or  any  other  signs  of  distress.  The  results  are 
plotted  in  Figure  50  relating  the  test  torque  with  the 
measured  torsional  deflection. 
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Torsional  Deflection  - degrees 

Figure  50.  Torque  versus  Torsional  Deflection 
Tension  Strap  Coupling. 


Static  Test  Results  - Helical  Strap  Couplin' 


Prior  to  the  static  test  of  the  helical  strap  coupling,  a 
NASTRAN  model  of  this  coupling  was  generated.  It  was  observ- 
ed that  the  complex  nature  of  this  coupling  configuration 
did  not  lend  itself  to  a closed-form  analytical  solution  in 
determining  states  of  stresses  and  deformation  patterns. 

The  finite  element  approach  was  employed  to  generate  a model 
of  orthotropic  elements  capable  of  both  bending  and  membrane 
actions.  Figures  51  and  52  are  NASTRAN  plots  of  the  coupling 
geometry. 

The  initial  approach  to  the  problem  was  to  model  the  coupling 
such  that  general  stress  patterns  could  be  defined.  No 
initial  attempt  was  made  to  predict  local  stress  concentra- 
tions such  as  would  exist  around  the  bolt  holes  and  the 
immediate  vicinity  of  the  chopped  fiber  spacer  blocks . 

Plots  of  applied  loads  versus  strains  as  predicted  by  NASTRAN 
were  made.  The  NASTRAN  analysis  predicted  the  location  of 
maximum  stresses  and  also  predicted  a shear  failure  mode. 

The  helical  strap  coupling  was  then  subjected  to  the  over- 
torque test.  Load  versus  deflection  data  was  recorded  as 
each  incremental  load  was  attained.  In  addition,  12  strain 
gage  readings  were  recorded  at  each  load  level . The  strain 
gage  locations  are  shown  in  Figure  53 . 

The  subsequent  static  test  on  the  helical  strap  coupling 
induced  a failure  at  1900  inch-pounds  torque.  The  test  data 
is  shown  in  Figure  54.  The  location  and  the  mode  of  failure 
were  as  predicted  by  the  NASTRAN  model  and  can  be  seen  in 
the  photograph  of  Figure  55.  NASTRAN  correlation  with 
recorded  stress  data  was  considered  good.  The  correlation 
results  are  shown  in  Figures  56  through  67. 

Analytical  evaluation  of  the  helical  strap  coupling  continued 
using  a higher  number  of  finite  elements.  Use  of  these  pro- 
cedures resulted  in  redesign  of  a satisfactory  strap  con- 
structed of  a hybrid  mix  of  Kevlar  and  graphite  plies. 
However,  a satisfactory  solution  for  the  strap  to  flange 
anulus  transition  could  not  be  found.  It  became  apparent 
that  the  original  concept  of  sharing  the  load  through  a 
combined  bolt  and  bonded  joint  was  not  feasible,  and  work  on 
the  helical  strap  coupling  was  discontinued. 
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PLAN  VIEW 

Figure  51.  NASTRAN  Model, 

Composite  Helical  Strap  Coupling 


*€L:CfiL 

UNCFKTPfD  WT 


ELEVATION 

Figure  52.  NASTRAN  Model, 

Composite  Helical  Strap  Coupling. 
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Helical  Strap 


View  A- A 


View  B-B 

Figure  53.  Strain  Gage  Locations,  Helical 
Strap  Coupling. 
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Figure  56.  Analysis  and  Test  Correlation, 

Gage  No.  1,  Helical  Strap  Coupling, 


Figure  57.  Analysis  and  Test  Correlation, 

Gage  No.  2,  Helical  Strap  Coupling 
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Figure  58. 
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Strain  - inches  per  inch 

Analysis  and  Test  Correlation, 

Gage  No.  3,  Helical  Strap  Coupling 


Strain  - inches  per  inch 

Figure  59.  Analysis  and  Test  Correlation, 

Gage  No.  4,  Helical  Strap  Coupling 
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Applied  Torque  - inch-pounds  Applied  Torque  - inch-pounds 


Figure  62. 
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Strain  - inches  per  inch 

Analysis  and  Test  Correlation, 

Gage  No.  7,  Helical  Strap  Coupling. 


Strain  - inches  per  inch 

Figure  63.  Analysis  and  Test  Correlation, 

Gage  No.  8,  Helical  Strap  Coupling. 


113 


A 


f 


! 

[ 

i 


Figure  64. 


Figure  65. 
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Strain  - inches  per  inch 

Analysis  and  Test  Correlation, 

Gage  No.  9,  Helical  Strap  Coupling. 
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Strain  - inches  per  inch 

Analysis  and  Test  Correlation, 

Gage  No.  10,  Helical  Strap  Coupling 
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Strain  - inches  per  inch 

Figure  66.  Analysis  and  Test  Correlation , 

Gage  No.  11,  Helical  Strap  Coupling 


Figure  67.  Analysis  and  Test  Correlation, 

Gage  No.  12,  Helical  Strap  Coupling. 
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Through  a detailed  analysis  of  the  loads  imposed  by  the 
centrifugal  field  on  a critical  section  of  its  flange,  it 
was  determined  that  the  tension  strap  coupling  38012-10006 
could  be  tested  without  modification  at  the  following 
operational  parameters : 

Speed  16,000  rpm 

Torque  4,727  in. -lbs 

This  torque  is  equivalent  to  1500  hp  at  20,000  rpm,  (1200  hp 
at  16,000  rpm)  which  was  the  design  condition.  A new  test 
procedure  was  developed  as  follows. 

The  couplings  were  mounted  on  the  test  shaft  and  the  assembly 
was  dynamically  balanced  with  .403  gram-inch.  New  pulley 
sheaves  were  selected  to  limit  the  top  speed  of  the  facility 
to  16,000  rpm.  The  actual  speed  resulting  from  the  pulley 
sizes  available  was  15,400  rpm.  Tests  were  then  conducted 
at  the  following  conditions. 

a.  15,400  rpm,  4000  in-lb  (977  hp),  1°, angular  misalign- 
ment for  a total  of  10  hours  (9x  10°  cycles). 

b.  15,400  rpm,  4727  in-lb  (1155  hp),  1-1/2°  angular  mis- 
alignment for  a total  of  10  hours  (9  x 10°  cycles). 

Assessment  Test  Results 

The  first  test  was  conducted  on  the. tension  strap  coupling 
at  1°  angular  misalignment  with  15,400  rpm  and  4000  in. -lb 
torque  for  10  hours.  This  represents  a total  of  9 million 
cycles.  At  the  completion  of  the  10-hour  run,  the  coupling 
was  disassembled  and  inspected.  No  signs  of  distress  or 
wear  were  found  on  any  of  the  coupling  parts. 

Another  set  of  couplings  was  prepared  for  the  next  test  by 
being  assembled  to  the  test  shaft  and  dynamically  balanced. 

The  second  test  conditions  consisted  of  1.5°  angular  mis- 
alignment, 15,400  rpm,  and  4727  in. -lb  of  torque.  This  test 
was  completed  without  incident;  all  monitored  parameters 
were  normal.  Inspection  of  the  hardware  after  the  test 
revealed  cracks  in  several  outer  laminations  adjacent  to  the 
spherical  washer  seat.  Laboratory  examination  revealed  that 
these  fatigue  cracks  were  precipitated  by  localized  fretting 
at  the  point  of  contact  between  the  laminate  and  the  spherical 
washer. 
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INTERIM  COUPLING  PROGRAM 

At  this  point  in  the  program  both  candidate  couplings  had 
failed  to  successfull  pass  the  initial  performance  test.  It 
was  evident  that  the  program  could  not  proceed  as  was  origin- 
ally planned  and  an  alternate  approach  was  necessary.  A 
plan  was  proposed  and  adopted  to  develop,  fabricate,  and 
test  two  modifications  of  the  tension  strap  coupling  38012- 
10006.  These  new  designs  would  maximize  usage  of  existing 
coupling  hardware  (i.e.,  flanges  and  laminated  straps)  and 
the  techniques  developed  to  design  a composite  flexure 
element. 

Stainless  Steel  Tension  Strap  Coupling  Design 

The  primary  effort  in  this  redesign  was  to  substantially 
reduce  or  eliminate  the  fretting  condition  which  precipitated 
an  earlier  fatigue  failure.  The  redesigned  coupling  shown 
in  Figure  68  was  improved  to  obtain  a calculated  mean  allow- 
able continuous  misalignment  capability  at  rated  torque  and 
speed  of  2°.  The  following  changes  were  implemented  to 
achieve  this  improvement: 

a.  Silver  plate  was  used  on  the  stainless  steel  straps  and 
radius  blocks  as  a fretting  barrier. 

b.  The  spherical  washer  was  replaced  with  a radius  block 
to  improve  the  load  distribution  over  the  width  of  the 
strap . 

c.  A radius  block  was  designed  to  control  the  bend  radius 
of  curvature  of  the  strap  at  the  point  of  contact. 

Composite  Tension  Strap  Coupling  Design 

The  new  tension  strap  coupling  required  the  design  of  a 
composite  strap  element  to  satisfy  the  required  flexure  and 
load  carrying  capabilities  as  well  as  accommodate  existing 
flange  geometry.  A parametric  study  of  six  different 
graphite/ epoxy  strap  designs  was  conducted  and  stiffness, 
static  strength,  and  fatigue  strength  were  compared.  A 
five-elenent  strap  was  selected  as  optimum.  This  composite 
strap  was  comprised  of  50%,  0°,  and  50%,  +45°  graphite 
laminate,  with  overall  thickness  of  .022  In.  per  laminate. 

A detailed  analysis  was  conducted  of  the  bolted  connection 
using  a finite  element  method  to  examine  the  bolt/strap 
interface.  In  conjunction  with  the  finite  element  analysis, 
a static  and  fatigue  analysis  of  the  mating  titanium  flange 
lug  was  performed.  Positive  margins  of  safety  were  establish- 
ed in  all  cases  at  maximum  operating  conditions. 
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The  final  design  is  shown  in  Figure  69.  The  advantages  of 
the  composite  strap  over  its  steel  counterpart  are  the 
elimination  of  fretting,  reduced  weight,  and  reduction  in 
number  of  parts. 

Fabrication 


Upon  completion  of  the  detail  design,  both  new  and  modified 
parts  were  released  for  fabrication  and  assembly.  Four 
specimens  of  each  of  the  two  designs  were  fabricated.  These 
couplings  are  shown  in  Figures  70  and  71. 

Static  Tests 

Both  the  stainless  steel  and  the  composite  couplings  were 
subjected  to  static  overload  torque  tests.  Torque  was 
applied  in  1100  in. -lb  increments  to  a minimum  value  of  9900 
in. -lb.  Torsional  deflection  was  recorded  at  each  load 
level . 

Examination  of  the  respective  couplings  upon  completion  of 
these  tests  revealed  that  no  permanent  deformation  or  other 
signs  of  distress  had  been  incurred.  Figures  72  and  73  show 
the  results  of  this  test  as  a plot  of  torque  versus  deflec- 
tion for  each  of  the  modified  couplings. 

In  the  case  of  the  composite  strap  coupling,  38012-10027, 
the  test  was  repeated  on  the  same  specimen.  The  second  test 
was  run  both  up  and  down  at  identical  increments  and  the 
load/deflection  data  checked  for  repeatability  at  each 
point.  Excellent  correlation  between  readings  at  each  point 
was  observed  on  this  second  run.  The  composite  coupling  was 
noticeably  stiffer  torsionally.  At  the  conclusion  of  the 
static  overload  test,  the  graphite/epoxy  composite  coupling 
was  partially  disassembled  to  examine  the  detail  parts.  A 
photograph  of  the  stainless  steel  coupling  in  the  test 
fixture  is  shown  in  Figure  74.  A photograph  of  the  composite 
coupling  after  the  test  is  shown  in  Figure  75.  No  indica- 
tions of  distress  were  observed  in  either  of  the  couplings 
as  a result  of  the  static  tests. 


Figure  69.  Composite  Strap  Coupling  Redesign. 


Applied  Torque  - Applied  Torque 

thousand  inch-pounds  thousand  inch-pounds 


Figure  72.  Deflection  versus  Torque, 
Steel  Strap  Coupling. 


Figure  73.  Deflection  versus  Torque, 
Composite  Strap  Coupling. 
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An  axial  spring  rate  test  was  conducted  on  the  composite 
strap  coupling.  This  test  consisted  of  fixing  one  side  of 
the  coupling  and  applying  axial  load  to  the  other  side  to  a 
maximum  value  of  .130  axial  deflection.  The  test  was  conduct- 
ed on  a DU-10  deflectometer,  which  is  a test  machine  that 
gives  a continuous  plot  of  load  versus  deflection.  Figure 
76  is  a curve  of  axial  deflection  versus  load  showing  a 
spring  rate  of  201  lb  per  inch  per  strap.  This  was  in  good 
agreement  with  the  calculated  spring  rate  of  210  lb  per 
inch. 

Dynamic  Test  - Stainless  Steel  Coupling 

The  first  coupling  to  be  tested  was  the  redesigned  stainless 
steel  tension  strap  coupling,  part  number  38012-10026-041. 

The  dynamic  test  plan  consisted  of  10  hours  of  operation  at 
15,400  rpm,  4727  in. -lb  torque,  and  1.5°  angular  misalign- 
ment. Prior  to  conducting  the  test,  the  test  couplings  were 
dynamically  balanced. 

After  7.5  hours,  which  was  equivalent  to  7.2  million  cycles, 
the  coupling  failed  and  testing  was  terminated. 

In  order  to  determine  the  cause  and  origin  of  the  test 
failure,  the  following  procedures  were  immediately  implemented 

1.  A photographic  record  of  the  test  shaft  assembly  was 
made  both  before  and  after  removal  from  the  facility. 

2.  A check  was  made  on  the  facility  geometry  to  confirm 
the  angular  misalignment  at  the  time  of  testing. 

3.  A metallurgical  examination  and  study  was  undertaken  to 
determine  the  origin  and  mode  of  failures. 

4.  An  assessment  of  the  damage  to  the  test  facility  and 
the  work  to  be  accomplished  before  testing  could  be 
resumed  was  initiated. 

Metallurgical  examination  of  the  parts  indicated  fatigue 
cracks  in  each  case  had  originated  in  a localized  area  of 
fretting  damage  in  the  stainless  steel  flexure  element.  The 
coupling  titanium  flange  lug  failures  were  found  to  be 
secondary  static  bending  fractures . 

Figures  77  through  80  show  some  photographs  of  the  test 
hardware  and  stand  after  the  test. 
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Figure  76.  Axial  Deflection  versus  Load,  Composite  Strap  Coupling 
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Figure  79.  Dynamic  Test  Fracture,  Test  Box  Flange. 


Using  fatigue  methodology,  the  test  point  was  plotted  as 
shown  in  Figure  81.  A standard  shape  S-N  curve  was  then 
drawn  through  the  failure  point.  For  steel  with  chafing,  the 
S-N  curve  is  given  by 
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(18) 


Substitution  of  the  test  values  of  S=2degrees  and  N=7.2  into 
the  above  equation  gives  a mean  endurance  limit  of  1.752 
degrees.  Applying  an  80%  reliability  factor  to  the  mean 
endurance  limit  gives  a working  endurance  limit  of  1.40 
degrees,  which  is  slightly  below  our  design  goal  of  1.50 
degrees . 

Dynamic  Test  - Composite  Coupling 

The  second  coupling  to  be  tested  was  the  composite  tension 
strap  coupling,  part  number  38012-10027.  The  dynamic  test 
plan  consisted  of  10  hours  of  operation  at  15,400  rpm,  4727 
in. -lb  torque,  and  1.5  degrees  angular  misalignment.  Prior 
to  conducting  the  test,  the  test  couplings  were  dynamically 
balanced. 

Testing  was  interrupted  at  7.5  hours  into  the  10-hour  test 
due  to  a failure  of  the  test  facility  gearbox.  The  failure 
which  resulted  in  rupturing  the  facility  gear  case  was 
attributed  to  a fatigue  failure  at  the  web/gear  interface. 

The  failure  occurred  on  the  test  shaft  side,  imposing  inordin- 
ately high  loads  on  the  test  couplings.  This  was  evidenced 
by  the  bent  condition  of  both  shafts  and  flanges  immediately 
adjacent  to  the  coupling  test  specimens.  Markings  on  the 
outer  laminates  of  the  test  specimen  couplings  indicated  that 
the  test  shaft  excursion  had  caused  the  couplings  to  experience 
equivalent  angular  misalignments  of  up  to  4 degrees  during 
the  shutdown  cycle  after  the  test  stand  failure. 

The  test  specimens  were  examined  after  removal  from  the 
facility,  and  the  decision  was  made  to  complete  the  10-hour 
cycle  with  this  same  set  of  couplings.  The  test  facility  was 
subsequently  restored  to  running  order  and  the  remainder  of 
the  test  completed  without  incident. 
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igure  81.  Working  Endurance 


Upon  successful  completion  of  this  assessment  test  at  15,400 
rpm,  4727  in^-lb  torque,  and  1.5  degrees  angular  misalignment 
for  9.2  x 10°  cycles,  a detail  examination  of  the  test  specimen 
was  conducted.  In  addition,  microstructure  samples  made  from 
the  tested  straps  at  critical  areas  were  compared  with  a 
similarly  prepared  sample  that  had  not  been  tested.  No 
evidence  of  fatigue  damage  or  other  signs  of  wear  attribut- 
able to  the  conditions  imposed  by  the  test  could  be  found  on 
any  of  the  coupling  parts. 

Figures  82  and  83  show  the  condition  of  the  test  hardware  at 
the  completion  of  the  test. 
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Figure  83. 


Dynamic  Test  Specimen  Inspection  - 
Coupling  Parts,  Composite  Strap  Coupling. 
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4 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 


1.  The  testing  conducted  herein  has  demonstrated  that  a 
composite  tension  strap  coupling  has  been  developed  to 
operate  continuously  at  1.5  degrees  misalignment  at 
4727  inrlb  torque  and  15,400  rpm. 

2.  Present  and  future  Army  helicopters  are  not  expected  to 
require  angular  misalignment  capacities  greater  than  1 
degree  for  transmission  drive  shaft  couplings;  however, 
current  rotor  isolation  systems  under  consideratign  may 
increase  the  coupling  requirement  to  as  h^gh  as  3° 
angular  misalignment  (steady  state)  and  5°  misalignment 
(transient) . 

3.  Flexure  element  couplings  which  do  not  require  lubrica- 
tion or  service,  are  simple,  lightweight,  and  can  oper- 
ate for  an  extended  period  of  time  after  initial  fail- 
ure will  probably  continue  to  be  used  in  most  applica- 
tions . 

4.  Composite  materials  should  be  used  for  future  light- 
weight flexure  element  couplings,  and  the  techniques 
that  have  currently  been  developed  both  to  analyze  and 
fabricate  composite  structures  should  be  applied  to  the 
designs  to  obtain  increased  performance  over  state-of- 
the-art  couplings. 

5.  For  a given  weight,  composite  flexure  element  couplings 
can  be  made  that  will  offer  improved  ballistic  tolerance 
over  that  exhibited  by  homogeneous  metals. 

6.  Composite  structures  permit  further  simplification  or 
reduction  in  the  number  of  components  of  the  coupling 
assembly.  This  increases  its  compatibility  with  balance 
considerations,  increases  reliability,  and  increases 
MTBR. 

7.  The  use  of  composite  materials  for  couplings  developed 
in  this  program  eliminated  fretting  which  was  the 
initiating  cause  of  failure  in  the  stainless  steel 
coupling  tested.  Crack  propagation  rates  in  composites 
can  also  be  controlled  by  ply  matrix  mix  of  the  layup. 
Thus,  the  use  of  composites  can  attenuate  both  the 
origin  and  rate  of  failure. 

8.  The  composite  flexure  element  coupling  offers  main- 
tenance-free life,  improved  survivability  and  reli- 
ability, and  increased  angular  misalignment  capacity 
without  sacrificing  simplicity,  size,  or  weight. 
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9. 


Static  tests  indicate  that  composite  flexure  members 
can  be  made  stiffer  in  torsion.  Tailoring  both  torsional 
and  bending  stiffness  which  affects  shaft  dynamics  is 
another  option  open  to  the  coupling  designer  afforded 
by  the  use  of  composites. 

RECOMMENDATIONS 

1.  It  is  recommended  that  the  design  of  a composite  cou- 
pling be  pursued,  with  the  ultimate  goal  being  a one- 
piece  shaft  with  integral  couplings  on  either  end. 

This  shaft  assembly  would  have  desirable  tamper-proof 
balance  attributes  for  high-speed  applications  and 
would  provide  the  optimum  ballistic  tolerance  without 
adverse  weight  penalty.  The  materials,  fabrication, 
and  analytical  techniques  have  recently  been  developed 
to  take  advantage  of  the  high  strength,  low  bending 
modulus,  and  excellent  fatigue  properties  of  these 
materials  to  develop  such  an  advanced  technology 
coupling. 

2.  It  is  recommended  that  the  advanced  technology  coupling 
developed  in  this  program  be  subjected  to  the  Phase  II 
Life  Establishment  Tests  as  originally  planned,  the 
Misalignment-versus-Life  Test  to  establish  angular  mis- 
alignment capacity  and  potential,  the  Endurance  Test  to 
establish  the  fatigue  properties  of  the  graphite/epoxy 

ply  mix,  and  the  Environmental  Tests  to  determine  operational 
capability  in  an  adverse  environment. 

3.  It  is  recommended  that  testing  be  conducted  using 
existing  production  flexure  element  couplings  as  a 
baseline  to  establish  the  increased  performance  capa- 
bility of  the  composite  design. 

4.  It  is  recommended  that  the  initial  testing  for  future 
coupling  programs  be  conducted  on  static  test  equipment 
that  simulates  the  basic  loading.  In  this  manner  basic 
data  can  be  established  for  static  loads  so  that  the 
future  dynamic  testing  can  establish  the  specific 
influence  of  the  dynamic  environment.  This  procedure 
would  be  less  expensive  and  provide  more  data. 
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